ABSTRACT: Quinoidal structures incorporating expanded paraquinodimethane (p-QM) units have garnered great interest as functional organic electronic, optical, and magnetic materials. The direct use of the compact p-QM unit as an electronic building block, however, has been inhibited by the high reactivity conveyed by its biradical character. Herein, we introduce a stable p-QM variant, namely p-azaquinodimethane (p-AQM), that incorporates nitrogen atoms in the central ring and alkoxy substituents on the periphery to increase the stability of the quinoidal structure. The succinct synthesis from readily available precursors leads to regio-and stereospecific p-AQMs that can be readily integrated into the backbone of conjugated polymers. The quinoidal character of the p-AQM unit endows the resulting polymers with narrow band gaps and high carrier transport mobilities. The study of a series of copolymers employing different numbers of thiophene units revealed an unconventional trend in band gaps, which is distinct from the widely adopted donor−acceptor approach to tuning the band gaps of conjugated polymers. Theoretical calculations have shed light on the nature of this trend, which may provide a unique class of conjugated polymers with promising optical and electronic properties.
■ INTRODUCTION
para-Quinodimethane (p-QM) is a highly reactive species with a large open-shell biradical character that arises from the drive to recover aromaticity in the biradical benzenoid structure (Scheme 1a). 1 The unique optical and electronic properties associated with both the open-shell and the conjugated closed-shell structures have generated substantial interest due to their potential use in organic electronics and polymer sciences. One notable application of p-QMs in materials science that relies on its reactive radical properties is its use in the synthesis of polyphenylenevinylenes (PPVs). 2 A more succinct route to conjugated polymers is to directly incorporate p-QM units in the polymer backbone by taking advantage of the conjugation pathway intrinsic in its closed shell form (Scheme 1a). This is, however, highly dependent on the relative stability between the closed and open shell forms. Attempts have been made to strike a balance between the two by incorporating p-QMs in extended π-systems or by installation of electron withdrawing groups; 1b,3 however, the use of nonfused p-QMs in conjugated polymers remains unexplored.
Another important consideration when employing quinodimethanes in conjugated polymers is their ability to reduce the band gaps of the resulting polymers. Two rational strategies have been established for tuning the band gaps of conjugated polymers: 4 the donor−acceptor approach, in which electronrich and -deficient units alternate in the polymer backbone, 5 and minimization of bond length alternation (BLA) using quinoidal structures.
3c, 6 The donor−acceptor approach has received the majority of the attention in recent literature due to the modular nature of the synthesis of these polymers and the predictable band gap tuning. 7 The latter strategy for the lowering of band gaps, however, deserves attention as a complementary pathway, which operates via a different mechanism and can offer access to frontier energy levels not limited by particular electron donors and acceptors. The minimization of BLA in a conjugated system is realized by engendering smaller energy gaps between the aromatic and quinoidal forms of the polymer. In polythiophene, the relatively large band gap correlates with the small contribution of the energetically unfavorable quinoidal structure to the ground state structure of the polymer, which leads to pronounced single bond character in the thiophene-thiophene linkages. The introduction of a quinoidal unit in the backbone chain, such as isothianaphthalene, 8 isonaphthothiophene, where thiophene is fused to an ortho-quinodimethane (o-QM) moiety, can serve to stabilize the quinoidal form of the neighboring thiophene units (Scheme 1c). In the quinoidal resonance form of the thiophene units, the loss of aromaticity is compensated for by the gain of aromaticity in the fused aromatic rings. The BLAs are correspondingly reduced, giving rise to lower band gaps. In addition to o-QMs, the design and incorporation of the p-QM structural motif in conjugated polymers has been implemented in a few expanded quinoidal systems, 11 which feature a p-benzoquinodimethane core and directly coupled electron-withdrawing carbonyl termini, such as benzodipyrrolidone 12 and benzo[1,2-b:4,5-b′]-dithiophene-2,6-dione. 13 These extended p-QM units are sufficiently stable to be employed as effective building blocks for low band gap polymers. However, they are all coupled with electron-withdrawing carbonyl termini, which significantly lower the energy levels of the lowest occupied molecular orbital (LUMO) and thus obscure the boundary between a pure p-QM building block and a conventional electron acceptor.
In addition to the approach of introducing electron-withdrawing groups to stabilize π-extended p-QMs, heteroatoms could be introduced into the quinoidal skeleton to confer stability.
14 This approach can potentially result in compact p-QM cores without expanding the aromatic ring systems, yet a reliable and practical synthesis has never been demonstrated. Here, we show that stable p-azaquinodimethane (p-AQM) units, in the form of diarylidene-dialkoxydihydropyrazines, can be prepared via a very succinct synthesis (Scheme 1b). Thanks to the ability of p-AQMs to stabilize the quinoidal character of the thiophene comonomers (Scheme 1d), the copolymers of p-AQM and oligothiophenes feature low band gaps as well as low LUMO and high HOMO energy levels. We have additionally demonstrated that, in a series of conjugated polymers, the optical band gaps increase with the number of thiophenes in the repeating unit, which stands in contrast to conventional donor−acceptor polymers but is consistent with the expected outcome from BLA minimization in quinoidal-aromatic resonating systems and verified by theoretical calculations. In addition, these AQMbased low band gap polymers exhibit high hole transporting mobilities, which correlate well with their thin film morphologies. The combination of facile synthetic accessibility, high chemical stability, small optical band gaps, tunable optoelectronic properties, and good electronic performance makes p-AQM and its derivatives attractive building blocks for use in organic electronics.
■ RESULTS AND DISCUSSION
Synthesis of p-AQMs. Synthesis of p-AQMs is furnished in two steps from the readily accessible 1,4-diacetyl-2,5-diketopiperazine (1), the cyclic dipeptide skeleton of which is abundant in natural products. 15 Knoevenagel condensation between 1 and substituted 2-formylthiophenes (2a−c) is accompanied by in situ cleavage of the acetyl groups to afford diarylidene piperazinediones in high yields with both alkene groups in the Zconfiguration (Scheme 2). 16 The subsequent alkylation under mildly basic conditions gives rise exclusively to the O-alkylated p-AQM products in good to excellent yields. The absence of any Nalkylation product suggests that a tautomerization occurs upon deprotonation of the amide. 17 The ambidentate reactivity of amides has also been observed in other polycyclic aromatic amide systems, 18 the ratio of which may be governed by factors such as the choice of base, alkylating reagent, and thermodynamic stability of the final product. This synthesis can be easily carried out on a gram scale and is quite modular, giving rise to a range of p-AQMs bearing different aromatic and alkyl groups. Unlike the original p-QM, these p-AQMs are inert under ambient conditions, can be stored for months without any signs of degradation, and are compatible with the reaction conditions of lithium-halide exchange and metal-catalyzed cross-coupling. As shown in Scheme 3, treating p-AQM 5 with n-BuLi and Me 3 SnCl gives the corresponding bisstannate 8 in 95% yield. Pd-catalyzed cross-coupling polymerization between 5 and 8 affords the corresponding polymer P1 that contains a p-AQM-bithiophene (AQM-2T) repeating unit. P2 and P3, containing a p-AQMterthiophene (AQM-3T) and p-AQM-quaterthiophene (AQM-4T) repeating unit, respectively, can be obtained following similar copolymerization procedures. Longer branched side chains are used in P3 and P4 to ensure good solubility. Structural Characterization. The 1 H and 13 C NMR spectra are consistent with the O-alkylated azaquinodimethane core in structures 4−7 (see Supporting Information, SI). Additionally, single-crystal X-ray analyses of 4 and 7 provide unambiguous evidence for the formation of the p-AQM core. In the crystal structure of 4, two crystallographically independent half molecules are present in one unit cell ( Figure 1) ; the bond lengths and connectivity of which are consistent with the Oalkylated p-AQM structure. In comparing the single crystal structures of 4 and diketopiperazine precursor 3a (see Figure  S1 ), it can be seen that the arylidene units adopt the Zconfiguration in both the alkylated p-AQM and the precursor. Additionally, the thiophene groups are rotated by 180°after alkylation to favor intramolecular S···N interactions between the thiophene and the p-AQM groups. The nitrogen-to-sulfur contact distances of 2.800(3) Å are significantly shorter than the sum of the van der Waals radii of nitrogen and sulfur atoms (3.35 Å), indicating a stabilizing sulfur lone-pair interaction. 19 Such S···N interactions enforce a nearly coplanar thiophene-AQM geometry with a very small dihedral angle of 3.0°between the thiophene and AQM groups. The two crystallographically independent AQM-2T molecules stack into separate 1D columns with an interplane spacing of 3.32 Å and a centroidto-centroid distance of 4.95 Å between two adjacent p-AQMs, which correspond to a slipped π−π stacking and herringbone intercolumnar arrangement. The coplanar conformation and S··· N interactions are also observed in the crystal structure of 7 ( Figure S1 ), confirming the generality of such interactions in retaining a flat molecular geometry.
Optical and Optoelectronic Properties. The solution absorption spectrum of 4 (AQM-2T) displays an absorption maximum at 488 nm, which can be ascribed to a π−π* transition ( Figure 2 and Table 1 ). The absorption maximum is red-shifted to 547 nm in 7 (AQM-4T), which is consistent with the better delocalization of π-electrons along the extended conjugated system. In the case of polymers, the solution absorption spectrum of P1 exhibits a narrower bandgap with an absorption maximum and edge at 823 and 903 nm, respectively. A bathochromic shift of ∼40 nm is observed between a solution of P1 and the spuncast thin film, suggesting increased interchain aggregation in the solid state. The optical band gap is estimated to be 1.32 eV from the thin film absorption.
A comparison of the optical band gaps of these p-AQM derivatives against conventional donor−acceptor−donor triads and donor−acceptor polymers reveals some noteworthy trends. The lowest-energy optical transition of 4 (AQM-2T) is situated at a considerably shorter wavelength than that of the thiopheneflanked acceptors such as nathphalene diimide (NDI) (NDI-2T, λ = 514 nm), 20 diketopyrrolopyrrole (DPP) (DPP-2T, λ = 548 nm), 21 isoindigo (iID) (iID-2T, λ = 549 nm), 22 bay-annulated indigo (BAI) (BAI-2T, λ = 579 nm) 23 and is similar to benzothiadiazole (BTD) (BTD-2T, λ = 460 nm). 24 On the basis of the absorption properties, p-AQM would be expected to be an electron acceptor weaker than NDI, DPP, iID, and BAI and comparable to the medium acceptor BTD. However, the band gap of the AQM-2T-based polymer P1 is remarkably lower than would be expected from a donor−acceptor polymer containing a medium-strength acceptor and bithiophene donor. As shown in Figure 3 , the band gap of P1 is significantly narrower than these based on a range of electron acceptors with varying strengths, such as NDI, 25 iID, 26 and difluorobenzotriazole (FBTA). 27 Such a contrast suggests that p-AQM does not behave like a conventional electron acceptor.
More deviation from common donor−acceptor behavior lies in the trend of the optical band gaps of polymers P1−P3, which follow the order P1 < P2 < P3, i.e., the band gap increases with increasing numbers of thiophene units in the conjugated polymer. This trend is the opposite of that observed in conventional donor−acceptor polymers, such as the NDI-nT, 25 ilD-nT, 26 and FBTA-nT 27a examples plotted in Figure 3 . Collectively, the incorporation of the p-AQM structure into conjugated polymers results in semiconductors with reduced band gaps, yet p-AQM behaves distinctively different from that of conventional electron acceptors.
Frontier orbital energy levels of the polymers and small molecules were estimated by cyclic voltammetry using a Figure S2 ). The LUMO levels of monomeric 4 and polymer P1 are around −2.9 and −3.6 eV, and the HOMO levels are −5.1 and −4.9 eV, respectively. The highlying LUMO in 4 confirms the weak electron accepting nature of p-AQM. In contrast, the LUMO level is significantly lower in P1, which is consistent with very effective orbital delocalization in conjugated polymers. The energy levels of P2 and P3 show comparable levels of LUMO energy and a slight decrease in HOMO energy with longer oligothiophene units, commensurate with the observed increasing optical band gaps.
Theoretical Modeling. To understand the trend in band gaps among the polymers P1−P3, we carried out theoretical modeling to calculate the band structures in the polymers and their small molecule counterparts. The calculations were performed using the Vienna ab initio simulation package (VASP) 28 with the plane-wave projector-augmented wave (PAW) method 29 (see SI for details of modeling). The B3LYP functional 30 was used to describe the exchange-correlation interaction. In all of the models, the longer alkoxy chains are replaced by methoxy groups to reduce computational cost. The influence of the S···N interactions on the preferred conformation was first assessed by comparing the two planar conformations of the AQM-2T polymer where the S atoms in thiophenes are situated close to (conformation 1) or away from (conformation 2) the N atoms in the p-AQM ring (Figure 4 ). The energy of conformation 1 is 0.18 eV/unit cell lower than that of conformation 2, which is consistent with the stabilizing effect brought about by the S···N interactions as observed in single crystals. Conformation 1 is thus adopted in constructing the backbone of all the polymer models. The computed band gap of polymers P1−P3 increases from 1.31 eV for P1 to 1.50 eV for P2 to 1.57 eV for P3. As the number of thiophene units increases in the monomer, the LUMO increases and the HOMO decreases simultaneously, giving rise to enlarged band gaps (Figure 4 ). The modeled band gaps are in close agreement with the experimental results. The plots of frontier orbitals indicate that the HOMO and LUMO orbitals are well spread on both the oligothiophene and p-AQM units, which differs from the common donor− acceptor scenario where HOMO and LUMO are more localized on individual donor and/or acceptor units.
The increased band gaps from P1 to P3 hint of a "dilution effect" wherein the addition of more thiophene units favors the localization of quinoidal character on the p-AQM unit and aromatic character on the oligothiophene units. This is indeed supported by comparing the C−C and CC bond lengths of the oligothiophene segments in the polymers obtained by calculations. Figure 5 shows the carbon−carbon bond length for each bond in the 2T, 3T, and 4T segments. The central thiophene units in 3T and 4T evidently have larger bond length variation than the thiophene units that are directly connected to p-AQM units with significantly longer C−C and shorter CC lengths. These results reveal lessened quinoidal character in the thiophenes that are more distant from the p-AQM along the polymer chain, which is consistent with the fact that increasing the number of thiophene units in the polymer chain reduces the resonance contribution from the p-AQM unit. It is worth noting that the trend observed in polymers P1−P3 should not be confused with that of the small molecules. The calculated band gaps for small molecules AQM-nT (n = 2 to 4) follow the order of AQM-2T > AQM-3T > AQM-4T. The HOMO energy level increases and LUMO energy level decreases as the number of thiophene units increases, giving rise to narrower band gaps ( Figure S3 ). Such trends are the opposite of those in the polymers and are also in good agreement with the experimental band gaps of 4 (AQM-2T) and 7 (AQM-4T) (AQM-3T was not synthesized).
Thin Film FETs and Morphologies. Charge transport properties of polymers P1−P3 were evaluated in thin film field effect transistors using the bottom gate/top contact OFET configuration with octadecyltrichlorosilane (OTS)-modified SiO 2 as the dielectric layer. Gold (Au) was used as the source/ drain electrodes, and scratched n-doped Si was used as the gate electrode. The devices were fabricated using as-cast thin films or those thermally annealed at different temperatures. All the , respectively, which are approximately 20-and 6-times lower than that of P2. It should be noted that these mobilties are based on thermally annealed thin films, whereas these as-cast thin films show similar mobilities in the range between 0.01 and 0.02
. Clearly, the transport properties of these polymers respond very differently to thermal treatment. The mobilities of thermally treated P1 remains similar to those of the as-cast films, whereas P2 and P3
show more than 1 order of magnitude enhancements in average mobility after annealing. Devices fabricated from P1 after storage for over one year or from P2 in air show very comparable performances to their respect control devices, suggesting high stability of these AQM-based materials.
Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements were conducted to probe molecular packing within the spuncast polymer films. For the as-cast thin film of P1, strong (001) and (010) scattering peaks are observed in the inplane and out-of-plane directions, respectively, indicating preferential face-on orientation of the polymer chains on the substrate (Figure 7a ). The (010) scattering peak corresponds to π−π stacking between polymer chains with a d spacing of 0.39 
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Article DOI: 10.1021/jacs.7b04031 J. Am. Chem. Soc. XXXX, XXX, XXX−XXX G nm. The thin film annealed at 150°C shows a similar face-on scattering pattern with a new set of diffraction peaks at a d spacing of 1.3 nm, which is half that of the (001) peaks, clearly suggesting that these are second-order (002) peaks due to improved inplane order. The enhanced order in the out-of-plane direction, however, contributes marginally to the in-plane charge transfer, corroborating with the comparable device performances of P1 thin films with or without thermal treatment. The as-cast thin films of P2 and P3 display lamellar structures as indicated by the out-of-plane (n00) peaks. A strong (010) peak is also observed, suggesting the coexistence of both edge-on and face-on crystallites. Upon annealing to 200°C, the crystallinity of the thin films is greatly enhanced, as indicated by the more confined angular distribution of the peaks and the appearance of higher order out-of-plane diffraction peaks. Additional diffraction peaks with a d spacing of 4.3 Å in P3 suggest that the side chains become more ordered after annealing. The thermally enhanced out-of-plane order in P2 and P3 corroborates well with the enhanced charge carrier mobilities. Atomic force microscopic (AFM) images of the annealed polymer films revealed ( Figure  S5 ) the formation of fiberlike intercalating networks. The film roughness increases from P1 (1.12 nm) to P2 (1.63 nm) to P3 (4.61 nm), which correlates with the increasing tendency of aggregation when more thiophene units are incorporated in the repeating unit. The larger roughness observed in P3 may explain its relatively lower mobility than that of P2 despite its more pronounced lamellar crystallity. Because modification of the polymers by altering the side chain structures is an effective way to enhance molecular order and packing within the thin film, 31 more efficient carrier transport may be realized in AQM-based materials with further side chain engineering.
■ CONCLUSIONS
In summary, we report the synthesis of an unprecedented stable p-azaquinomethane derivative following a succinct two-step synthetic protocol, which involves a Knoevenagel condensation with subsequent alkylation starting from the readily available diketopiperidine derivative. As revealed by single-crystal X-ray structures, the thiophene-flanked p-AQMs feature a coplanar structure and rigid conformation with reduced rotational freedom due to intramolecular S···N interactions. Through copolymerization with different oligothiophenes, we have demonstrated that the p-AQM is compatible with cross-coupling conditions and can be used to produce a variety of conjugated polymers with tunable band gaps. The p-quinoidal structure is directly incorporated in the polymer main chain as part of the resonating structure, which effectively lowers the polymer's band gap via minimization of bond-length alternation. The unique structural features of p-AQMs lead to reversed band gap engineering in conjugated polymers that is distinct from the established principles of conventional donor−acceptor polymers and has been further verified by theoretical modeling. Furthermore, GIWAXS studies reveal that these p-AQMcontaining polymers form highly crystalline structures in the thin film, which are attributable to the compact and planar main chain conformation, reinforced by intramolecular S···N interactions. As a result, the polymers behave as promising hole transporting materials with high charge carrier mobilities reaching 0.54 cm 2 V −1 s −1
. The concise synthetic protocol may stimulate the design and synthesis of new quinoidal building blocks, such as the o-AQM homologues. The unique structural and electronic properties of p-AQMs render them appealing π-building blocks for next-generation high-performance electronic materials. The photovoltaic performance of such materials is currently under evaluation and will be reported in due course.
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